Muscle fibers are the target of T cell-mediated cytotoxic reactions in polymyositis and inclusion body myositis, while the success of myoblast transplantation depends on the absence of an immune rejection against the myofibers. In order to study the behaviour of muscle cells in an inflammatory milieu, we investigated the production of IL-6 and its modulation, including the second messenger pathways controlling it, in in vitro highly purified human myoblast cultures. We found that IL-1β, tumor necrosis factor (TNF)-α and lipopolysaccharide (LPS) stimulated myoblast IL-6 secretion in a dose-and time-dependent manner, whereas forskolin and cholera toxin did not. HA1004 at 10 µM did not significantly affect the IL-1β-and TNF-α-induced IL-6 secretion, suggesting that cAMP and protein kinase A are not sufficient to stimulate this process. To investigate the role of protein kinase C (PKC) in this signal transduction, we employed the inhibitor calphostin C, and the activators phorbol-12-myristate-13-acetate (PMA) and calcium ionophore A23187. Calphostin C blocked IL-6 secretion, PMA had a small stimulatory effect and A23187 had no effect; moreover, PKC down-regulation by PMA did not inhibit IL-1β stimulation, while it reduced TNF-α stimulation. These data indicate that different PKC isoforms may be involved in TNF-α and IL-1β signal transduction. Such a difference can distinguish the action of two traditionally 'overlapping' inflammatory cytokines. Our data suggest that muscle cells, like myoblasts, satellite cells and in vivo regenerating myofibers, may discriminate between different stimuli and produce IL-6 when activated in response to muscle injury.
Introduction
Immune reactions against muscle cells play a central role in the pathogenesis of many muscular diseases such as polymyositis (PM) and inclusion body myositis (1) , and can also compromise the success of many strategies for in vivo gene transfer based upon myoblast transplantation (2, 3) . Pathological specimens obtained from patients affected by these diseases clearly reveal muscle fiber invasion and killing by immune mononucleated cells, and immunohistochemical studies have demonstrated cytokines such as IL-1β and IFN in the inflamed muscle (4, 5) . In spite of this, very little is known about the sequence of pathogenic events leading to myofiber attack by lymphocytes and the relative contribution given by different cell types to the genesis of the lesions observed in autoimmune myositis. Skeletal muscle fibers are large syncitial cells, in close contact with mononucleated myogenic cells, the so-called satellite cells. Following an injury, the latter transform into activated myoblasts which proliferate and differentiate to restore tissue integrity. In vitro Correspondence to: E. Bartoccioni
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Received 30 June 1997, accepted 10 November 1997 studies have demonstrated that myoblasts can be stimulated by inflammatory cytokines such as IFN-γ and tumor necrosis factor (TNF)-α to express MHC class II and adhesion molecules, and to function as 'facultative' antigen-presenting cells (6) . Moreover, we have previously reported MHC-II and intercellular adhesion molecule (ICAM)-1 expression on muscle fibers from PM biopsies but not from normal tissue (7) . It is conceivable that, in the presence of proinflammatory stimuli, muscle fibers and myoblasts may actively participate in the triggering and/or amplification of the destructive reactions of autoimmune myopathies. We established an in vitro model to dissect the role of muscle cells in the proinflammatory circuit of PM lesions, in which highly purified human myoblasts were stimulated with proinflammatory agents such as IL-1β, TNF-α or lipopolysaccharide (LPS). Our data show that myoblasts can actively respond to an inflammatory environment by selectively expressing and secreting IL-6, a cytokine which influences myofibers by activating cachectic proteolysis (8) and myoblast proliferation (9) , and which is also involved in the promotion of immune responses mainly mediated by B and cytolytic T cells (CTL) (10, 11) . To date, no information is available on the molecular mechanisms by which IL-1β and TNF-α control the myoblast IL-6 production. No second messengers mediating the effect of IL-1β and TNF-α on IL-6 secretion have been conclusively identified in any cell type. Following receptor binding, IL-1β and TNF-α activate multiple protein kinases (12) , increasing protein phosphorylation. Both protein kinase A (PKA), following the activation of adenylate cyclase (13) , and protein kinase C (PKC) are supposed to play a role in IL-1β signal transduction. These kinases, through different pathways, could take part in the induction of IL-6 expression, as its promoter contains both cAMP responsive element (CRE) and NF-κB binding sequences (14) . We used pharmacological manipulation of IL-6 secretion, and found an intriguing difference in the cellular response to two largely overlapping and pleiotropic stimuli, i.e. IL-1β and TNF-α. In our model these two cytokines use different signaling pathways: IL-1β action appears to be mediated by an atypical PKC isoform, insensitive to Ca 2ϩ and phorbol esters, while a phorbol-12-myristate-13-acetate (PMA)-sensitive, PKC-dependent signal transduction pathway seems to be involved in TNF-α activation. These observations suggest that muscle cells can finely distinguish and integrate multiple environmental signals too.
Methods

Cell cultures
In vitro human myoblast cultures were established from muscle specimens of subjects undergoing major orthopedic surgery, as previously described (15, 16) . The resulting myoblasts could be sub-cultured for Ͼ30 population doublings. Myoblast preparations were purified by magnetic cell separation using an anti-Leu 19 mAb and goat anti-mouse Ig-coated magnetic beads (Dynal, Oslo, Norway) (15) . The purity of each preparation was Ͼ98% as assessed by cytofluorimetric analysis (Profile II; Coulter, Miami, FL) with an anti-Leu-19 mAb (Becton Dickinson, San Jose, CA), which cross-reacts with the neural cell adhesion molecule N-CAM (CD56) (17) . Myoblast identity was also assayed by the capacity of myoblasts to fuse into multinucleated myotubes and then by immunofluorescence staining with mAb MF20 (kindly provided by G. Cossu), which recognizes all sarcomeric myosins (18) .
Cytokines and reagents
We used human recombinant TNF-α (sp. act. 1ϫ10 8 U/mg; Boehringer Mannheim, Mannheim, Germany), human rIL-1β (sp. act. 1ϫ10 8 U/mg; Genzyme, Cambridge, MA) and LPS (Sigma, St Louis, MS). We used the adenylate cyclase activators forskolin (FSK) and cholera toxin (CTX), and the PKC stimulators PMA, phorbol-12,13-dibutyrate (PDBu) and the calcium ionophore A23187 (Sigma), as well as the kinase inhibitors HA1004 [N-(2-guanidinoethyl)-5-isoquinolinesulfonamide dihydrochloride] (Calbiochem, San Diego, CA) and calphostin C (LC Laboratories, Lä ufelfingen, Switzerland). MTT and DMSO were purchased from Sigma. 
Myoblast treatment
Myoblasts were seeded at 6ϫ10 3 /well in 96-well plates. The following day the myoblast monolayer was incubated at 37°C either in fresh control medium alone, or in the same medium supplemented with cytokines or LPS for 4, 8, 24 or 48 h, alone or in various combinations, to obtain time-and doseresponse curves. CTX (0.01-1 µg/ml) and FSK (1-100 µM) were added to the cell cultures for 8 and 24 h; PDBu or PMA with or without A23187 were added for 1 (stimulation) or 24 h (down-regulation) at the concentrations described in Results and were then removed before cytokine stimulation. Myoblasts were pre-incubated with HA1004 (10-100 µM) for 1 h, then the cells were incubated for a further 4-8 h with IL-1β or TNF-α. Calphostin C was used for 30 min, then IL-1β or TNF-α were added and cells were incubated for a further 4 h. At the end of each incubation the supernatants were collected, centrifuged and frozen at -20°C until IL-6 determination. The viability of myoblasts was always Ͼ95% as determined by the Trypan blue exclusion method. No significant differences of growth rate were found under these different experimental conditions as measured by the MTT staining technique and by [ 3 H]thymidine incorporation (data not shown).
IL-6 determination
The IL-6 concentration in myoblast culture supernatants was determined by an ELISA kit (Duo-set; Genzyme). The sensitivity of this assay is 31.2 pg/ml. Some of the results were confirmed by a biological assay using the IL-6-dependent B9 hybridoma cell line (kindly provided by L. Aarden).
RNA extraction and RT-PCR
Because of the low number of cells that could be cultured, which did not yield enough material for Northern blotting, we decided to measure specific mRNA levels by semiquantitative RT-PCR. Myoblasts were seeded at 6ϫ10 4 /well in 12-well plates. At the end of each incubation cells were lysed in the culture dish by adding the appropriate amount (1 ml/10 cm 2 ) of Trizol Reagent (Gibco/BRL, Grand Island, NY) and passing the cell lysate several times through a pipette. The lysates were then processed according to the manufacturer instructions to obtain total RNA, which was then used for the RT-PCR.
In previous experiments we set up the method for multiplex IL-6 and aldolase RT-PCR: total RNA, equivalent to that contained in either 1000 or 2000 cells (the same quantity was used throughout each amplification experiment), is reverse transcribed to cDNA and then amplified in a single tube in a 50 µl volume using the Perkin-Elmer GeneAmp EZ rTth RNA PCR kit, in a Perkin-Elmer 9600 thermal cycler. Reverse transcription was carried out for 45 min at 60°C, while the two-temperature PCR was carried out for 30 sec at 95°C and 45 sec at 62°C. Primers for IL-6 have been chosen so that they span the splicing junction of two exons, to ensure that no amplification of any contaminant genomic DNA can occur, while aldolase mRNA was amplified using the A25 and H20 primers reported in Chelly et al. (19) . To obtain a semiquantitative measurement of the RNA, amplification was carried on for only 28-30 cycles, to maintain the product in the linear phase of growth; 10 µl aliquots of the reaction mixture were run on a 3% Metaphor (FMC Products, Rockland, MA) agarose gel in TAE buffer, containing 1 µg/ml of ethidium bromide. Aldolase was the internal standard to account for differences in the reaction efficiency and gel loading. Band intensity was assessed by scanning and quantification using the Phoretix 1D program (Phoretix International, Newcastle Upon Tyne, UK); results were then normalized according to aldolase intensity and are expressed as arbitrary units (AU).
Statistical analysis
Statistical evaluation of data was performed using Student's t-test.
Results
Constitutive and cytokine-induced production of IL-6 by human myoblasts
Myoblasts were purified using an anti-Leu-19 mAb coupled to magnetic beads. More than 98% of the cultured cells expressed markers for muscle cell lineage and maintained the ability to fuse (not shown). Low levels of constitutive IL-6 production were detected in supernatants of myoblasts after as little as 4 h of incubation in fresh culture medium. Exposure to IL-1β (10-2000 pg/ml), TNF-α (10-200 U/ml) or LPS (2,5-100 ng/ml) increased the amount of IL-6 secreted in the medium in a dose-dependent manner (Fig. 1) . As in other cell types (20) , IL-1β was the most potent inducer of IL-6 secretion with a 30-to 40-fold increase over unstimulated IL-6 production, as compared to a 5-to 7-fold increase induced by LPS and a 3-to 4-fold by TNF-α (note the scale difference in Fig. 1 ). The biological assay using the IL-6-dependent B9 hybridoma cell line confirmed the ELISA results, demonstrating the production of a functionally active cytokine (data not shown). Kinetic studies showed an increase of IL-6 secretion already after a 4 h exposure to the stimuli and their effect continued over the entire experimental period (48 h) (Fig. 1) . IL-1β and TNF-α were able to potentiate each other (Table  1) : using a sub-optimal dose of IL-1β, the contemporaneous addition of TNF-α induced an increase of IL-6 secretion to levels higher than the sum of their individual effects (P Ͻ 0.001 for IL-1β 10 pg/ml and TNF-α 10 U/ml). No detectable levels of TNF-α or IL-1β proteins have been found in supernatants of myoblasts under basal conditions or after stimulation (data not shown), suggesting that TNF-α and IL-1β do not induce each other's production.
By RT-PCR, we observed an increase in IL-6-specific mRNA in treated myoblasts as compared to untreated cells, while aldolase messengers remained unmodified. Time course experiments showed that IL-1β or TNF-α stimulation on IL-6 mRNA was already detectable after 2 h of exposure and IL-1β-induced IL-6 mRNA continued to accumulate in the following 2 h (Fig. 2) . IL-6 mRNA levels were lower after 4 h of TNF-α stimulation than after 2 h, a phenomenon that we observed in every experiment we did, possibly because TNF-α induces a smaller and more restricted in time stimulation of IL-6 mRNA. These data suggest that IL-1β and TNF-α affect IL-6 production through an increase of IL-6-specific mRNA: the minor stimulation of mRNA induced by TNF-α can be the basis of the lower levels of IL-6 protein produced by myoblasts. 1.598 Ϯ 0.433 TNF-α 100 U/ml 2.315 Ϯ 0.190 IL-1β 10 pg/ml ϩ TNF-α 10 U/ml 6.408 Ϯ 0.161 a IL-1β 10 pg/ml ϩ TNF-α 100 U/ml 14.160 Ϯ 1.086 b a P Ͻ 0.001; IL-1β 10 pg/ml and TNF-α 10 U/ml together versus separate stimulation.
b P ϭ 0.036; IL-1β 10 pg/ml and TNF-α 100 U/ml together versus separate stimulation. 
Activation of adenylate cyclase does not stimulate IL-6 production
To study whether a cAMP-dependent pathway is involved in IL-6 production, myoblasts were treated with the adenylate cyclase activators CTX (0.01-1 µg/ml) and FSK (1-100 µM) for 4 ( Fig. 2) or 24 (Fig. 3a) h. Neither compound significantly enhanced the basal levels of IL-6 secretion; further, RT-PCR studies show that FSK did not affect IL-6 mRNA levels (Fig.  2) , as measured at 4 h after initial stimulus. These data both suggest that activation of the cAMP-dependent signal transduction pathway is not sufficient to induce IL-6 production in myoblasts.
Effect of phorbol esters and calcium ionophore A23187 on IL-6 production
To evaluate whether a phorbol ester-dependent pathway could play a role in myoblast IL-6 production, cells were preincubated with the PKC activators PMA (10-1000 nM) and calcium ionophore A23187 (0.01-10 µM), either alone or together for 1 h; the compounds were then washed away and the cells incubated for a further 4 or 8 h in medium alone. After PMA induction, IL-6 secretion was only 4-fold higher than the basal level (Fig. 3b) and did not change even when higher concentrations (1 µM) were used (data not shown). Similar results were obtained with PDBu, a more hydrophilic phorbol ester with similar biological effects, suggesting that the low stimulation was not due to PKC down-regulation because of an incomplete removal of PMA (data not shown). The calcium ionophore A23187 had no effect, either alone or when associated with PMA or PDBu. By RT-PCR, we could not detect any significant variation of IL-6 mRNA levels by stimulation with PMA ( Fig. 2) , confirming the protein findings.
Effects of protein kinase inhibitors on IL-1β-and TNF-α-induced IL-6 production
To further evaluate PKA or PKC involvement in IL-6 induction by IL-1β and TNF-α, we inhibited these enzymes with the isoquinoline derivative HA1004, which inhibits PKA at a lower concentration than it does for PKC (K i 2.3 µM for PKA and 40 µM for PKC). Myoblasts were pre-incubated with HA1004 for 30 min, then IL-1β (50 or 100 pg/ml) or TNF-α (100 U/ml) were added for 4 h: at 10 µM, a concentration which inhibits PKA but not PKC, HA1004 had no significant inhibitory effect on IL-6 secretion, while at 100 µM (a concentration which blocks both PKA and PKC) it caused a 40% inhibition for IL-1β and a 90% inhibition for TNF-α (Fig. 4) . These results suggested that PKC, but not PKA, is involved in IL-1β and TNF-α signal transduction leading to IL-6 production.
To confirm PKC involvement, we used calphostin C, the most specific PKC inhibitor presently available with a K i of 50 nM for PKC and ϾϾ50 µM for PKA (21) . We used a 30 min pre-incubation followed by the addition of IL-1β or TNF-α for 4 h. As shown in Fig. 4 , 100 nM calphostin C, a concentration which is only twice its K i for PKC, decreases the stimulation of IL-6 production by IL-1β and TNF-α by 50%, while almost a 100% inhibition was reached at 400 nM, a concentration which is at least 10 times lower than the K i for PKA or other protein kinases (Ͼ5 µM) (21), further supporting the hypothesis that PKC mediates IL-6 production. By RT-PCR (Fig. 2) , we found that no IL-6 mRNA was present after a 2 h IL-1β (100 pg/ml) stimulation of IL-6 production in calphostin C-inhibited cells (400 nM). All protein kinase inhibition experiments were done with short time stimulations (2-4 h) in order to minimize any possible cellular damage by protein kinase inhibitors. No toxic effect of any compound was detected by either Trypan blue exclusion or the MTT staining techniques at the end of each incubation period.
To further study the role of phorbol esters-and Ca 2ϩ -insensitive isoforms of PKC in IL-6 production, we depleted the myoblasts of phorbol ester-sensitive PKC isoforms by prolonged treatment with PMA (1 µM) or PDBu (2 µM) for 24 h. After three washes, myoblasts were incubated for 8 h with control medium, with or without IL-1β or TNF-α; to evaluate IL-6 mRNA levels, myoblasts were incubated with IL-1β or TNF-α for 4 and 2 h respectively. PKC down-regulation did not significantly affect IL-1β-stimulated IL-6 production, while it reduced TNF-α-stimulation both at the protein (Fig. 4) and mRNA level (Fig. 2) . These results suggest that IL-1β and TNF-α control IL-6 secretion using different signal transduction pathways: a Ca 2ϩ -independent and phorbol ester-insensitive PKC isoform, perhaps an atypical PKC, is mostly involved in the IL-1β induction, while a PMA-sensitive, PKC-dependent signal transduction pathway seems to play a key role in TNF-α activation of IL-6 secretion in human myoblasts. The IL-1β stimulation of IL-6 secretion after PKC down-regulation by PMA was completely inhibited by 400 nM calphostin C (data not shown), further supporting the hypothesis of the involvement of an atypical PKC in this process.
Discussion
We have established fibroblast-free pure human myoblast cultures from satellite cells and analyzed them for secretion of the proinflammatory cytokine IL-6. Myoblast cultures were classified as pure on the basis of cytofluorimetric and immunohistochemical analysis: Ͼ98% of the cells expressed CD56 and sarcomeric myosin. Moreover, after serum deprivation, they fused to form typical multinucleated myotubes.
In this paper we present evidence that human myoblasts secrete IL-6 under basal conditions and in response to several pro-inflammatory agents, including IL-1β, TNF-α and LPS. In our experiments, IL-1β was the most potent inducer of IL-6 secretion, followed in decreasing order by LPS and TNF-α.
IL-1β and TNF-α are structurally unrelated cytokines which bind to distinct membrane receptors, yet their spectra of biological effects overlap so that these two cytokines are often considered to be interchangeable. So far, it has been proposed that different pathways transduce their signal from the membrane to the nucleus (22) . The IL-6 promoter has response elements to the three major signal transduction pathways, i.e. PKC, cAMP/PKA and calcium (23) : there is general agreement that the involvement of the cAMP/PKA or PKC signal transduction pathways vary according to the cell type. We have not been able to stimulate the production of IL-6 in myoblasts using the adenylate cyclase activators CTX and FSK. The stimulatory action of IL-1β and TNF-α was not blocked by concentrations of HA1004 which inhibit PKA without affecting PKC.
These data led us to investigate whether PKC controls IL-6 production in our cells. At present, 12 different PKC isoforms have been identified and cloned in mammals (24) . They are grouped in three subfamilies: the first group comprises the four classical PKC (cPKC) isoforms (α, βI, βII and γ) which are activated by Ca 2ϩ and diacylglycerol (DAG). The second includes five new PKC (nPKC) (δ, ε, η, θ and µ) which are insensitive to Ca 2ϩ . The third and most recently identified group contains three atypical PKC (aPKC) (ζ, λ and ι) (24) which do not respond to Ca 2ϩ , DAG or phorbol esters (25) . Calphostin C, which interacts with the regulatory domain of PKC, inhibits aPKCζ with an IC 50 similar to that for cPKC and nPKC (21, 26) . Phorbol esters like PMA can activate both cPKC and nPKC, which are down-regulated by a prolonged PMA treatment. The activity of the aPKC is not affected by the same manipulations (27, 28) . In our model, calphostin C, the most specific PKC inhibitor, can completely block the stimulatory effect of both IL-1β and TNF-α. On the other hand, PMA alone induced not more than a 3-fold increase of IL-6 production and its effect was not influenced by the presence of calcium ionophore A23187, suggesting that the PMAsensitive PKC are poorly involved in this process. PKC downregulation did not affect the IL-1β-induced IL-6 production, while it substantially reduced the TNF-α-induced one. All together, these data suggest that PKC transduces the signal for both IL-1β and TNF-α. The different response of the two cytokines to down-regulation can be explained by their use of distinct PKC isoforms: IL-1β is likely to use an aPKC for signal transduction, while a PMA-sensitive cPKC or nPKC probably transduces the TNF-α signal. PMA and TNF-α give the same level of stimulation, further supporting the hypothesis that TNF-α signals its effect through some PMA-sensitive PKC isoform. Moreover, in our model TNF-α is a poor IL-6 inducer by itself but seems to cooperate with IL-1β in IL-6 induction (Table 1) , an effect which warrants further investigation. Occupation of different receptors can induce the activation of distinct PKC isoforms, which at some point activate a common cascade of mediators, explaining the effect we observed. Such a difference in the use of kinase isoforms can distinguish the action of two traditionally 'overlapping' inflammatory cytokines. Further investigations could clarify whether a differential PKC involvement in IL-1β and TNF-α signaling is peculiar to myoblasts or represents a more general difference in the signaling properties of these two cytokines .
The in vivo counterparts of cultured myoblasts are regenerating cells which, following a myofiber injury, develop from satellite cells, proliferate, fuse and differentiate into new mature myofibers (29) . Presently, attempts are made to use allogeneic or autologous myoblasts as carriers for gene therapy because of their property of fusing with mature muscle fibers in vivo, becoming an integral part of the muscle tissue (3). These efforts are hindered by the early rejection of transplanted myoblasts and hybrid myofibers by CTL or NK cells before the fusion process is completed (30) . An inflammatory or immune response against myofibers occurs in autoimmune muscle diseases too: in PM CTL and macrophages surround and focally invade non-necrotic muscle fibers (31) . It has been demonstrated that muscle-infiltrating lymphocytes are restricted in their TCR V α/β repertoire in PM patients, while autoinvasive T cells are clonally expanded (32, 33) ; moreover, it has been shown that in inflammatory myopathies there is an intense in situ proliferation and differentiation of infiltrating CD3 ϩ lymphocytes (34) . All these data support the hypothesis that a local immune reaction underlies the pathological process observed both in myoblast rejection and inflammatory myopathies.
In an inflammatory environment, macrophage-produced cytokines such as IL-1β and TNF-α could induce activated satellite cells to secrete other cytokines like IL-6. IL-6, in turn, synergizes with IL-1β and TNF-α in co-stimulating immune responses: as an example, the combination of IL-1β and IL-6 induces naive CD8 ϩ cells to proliferate and acquire lytic capabilities, in the absence of accessory cells and CD4 ϩ help (35) . Studies performed on IL-6-knockout mice have shown that they are unable to mount a normal inflammatory response to localized tissue damage while they show a normal systemic inflammation to the injection of bacterial LPS (36) and that this phenomenon can be ascribed to a reduced in situ production of chemokines (37) , supporting the idea that the IL-6 system plays a pivotal role in local inflammatory reactions by amplifying leukocyte recruitment. The clinicopathological relevance of this mechanism is proved by the effect of systemically administered anti-IL-6 antibodies in experimental autoimmune encephalomyelitis (EAE): treated animals show reduced development of EAE, associated with the absence of inflammatory infiltrates in the central nervous system, further supporting that IL-6 is an essential mediator of the local inflammatory response (38) .
When dealing with the muscle tissue, however, we have to take into account the direct effects of IL-6 on muscle cells: it can stimulate proteolysis in C2C12 myotubes in vitro (8) and induce myoblast proliferation (9), possibly depending on specific metabolic or culture conditions. Our data, along with literature data, corroborate our hypothesis that in vivo the local secretion of IL-6 by muscle cells may be a central element in the initiation and progression of transplanted myoblast rejection and autoimmune muscle diseases: it can be a CTL proliferation and differentiation agent, an autocrine proteolysis-inducing factor of damaged myotubes, and a proliferation-stimulating agent for satellite cells to replace the destroyed myofibers.
